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The global engineering activities nowadays are focusing on green and eco-friendly 
innovations. This has made the recycled materials a lucrative research sector. A study 
on fatigue life and mechanical behaviour of aluminium alloy aa6061 chips prepared by hot 
extrusion process was undertaken in this research. The fatigue, mechanical and physical 
properties of extruded products were investigated under varying preheating 
temperatures (PHT) of 450 °C, 500 °C, 550 °C and preheating times (PHTi) of 1 hr, 2 
hrs, and 3 hrs respectively. From the Design of Experiments (DOE) principle, 11 
samples (S1-S11) selected were sufficient to investigate the initial mechanical 
properties in which the optimum sample was later identified. This optimum sample 
was then heat treated to investigate the effect of heat treatment on the fatigue life. 
Comparisons were made with non-heat treated optimum sample and sample from the 
as-received material. The highest Ultimate Tensile Strength (UTS) was 174.62 MPa 
obtained at maximum PHT of 550 °C in sample 8. ANOVA indicate that PHT and 
PHTi parameters are significant over the UTS. For the microhardness, sample 5 is a 
profile extruded at 450 °C PHT and 1 hr PHTi demonstrated the maximum obtainable 
Vickers hardness of 55.69 HV. On top of that, the ANOVA showed that PHT 
contributes significantly to the microhardness while the PHTi parameter is not. In 
addition, the peak UTS of 340 MPa was observed in the heat treated extrudates, 
improved about 95 % compared to optimum UTS of 174.62 MPa in non-heat treated 
sample. While, the sample tested in as-received aluminium only resulted in 298 MPa. 
In fatigue analysis, the fatigue life endurance for three different cases was indicated 
by the S-N curve. The research successful demonstrated that the fatigue life endurance 
and mechanical properties of directly recycled aluminium alloy AA6061 chips can be 
improved about 28 % through the heat treatment. The preheating temperature was the 
key parameters that control the overall mechanical properties in direct recycling of 
















Aktiviti kejuruteraan global masa kini memfokuskan kepada inovasi hijau dan mesra 
alam. Ini telah menyebabkan bahan-bahan kitar semula menjadi satu sektor 
penyelidikan yang menguntungkan. Satu kajian mengenai jangkahayat kelesuan dan 
sifat-sifat mekanikal bagi tatal aloi aluminium AA6061 yang dihasilkan melalui 
kaedah kitar semula dalam keadaan pepejal melalui proses penyemperitan panas telah 
dilaksanakan. Sifat-sifat kelesuan, mekanikal dan fizikal produk yang disemperit 
dikaji di bawah suhu pemanasan yang berbeza-beza (PHT) iaitu pada 450 ° C, 500 ° 
C, 550 ° C dan masa prapemanasan (PHTi) selama 1 jam, 2 jam, dan 3 jam. Reka 
Bentuk Eksperimen (DOE) mencadangkan pemilihan 11 sampel (S1-S11) bagi kajian 
awal sifat-sifat mekanikal dimana sampel optimum akan dikenalpasti kemudiannya. 
Sampel optimum kemudiannya akan dirawat haba untuk mengkaji kesannya terhadap 
jangkahayat kelesuan bahan. Perbandingan dilakukan dengan sampel optimum yang 
tidak dirawat haba dan sampel bahan asal. Kekuatan tegangan tertinggi (UTS) 
diperolehi adalah 174.62 MPa pada suhu 550 °C (sampel 8). Analisa Variasi 
(ANOVA) menunjukkan parameter PHT dan PHTi sangat mempengaruhi UTS. Bagi 
kekerasan mikro, sampel 5 yang disemperit pada suhu 450 °C dan dipanaskan selama 
1 jam menghasilkan kekerasan Vickers maksimum 55.6886 HV. Di samping itu, 
ANOVA menunjukkan faktor PHT sangat mempengaruhi kekerasan bahan sementara 
parameter PHTi tidak. Selain itu, maksimum UTS 340 MPa didapati pada sampel 
dirawat haba, ianya meningkat lebih kurang 95% berbanding dengan sampel yang 
tidak dirawat haba. Dalam pada itu, sampel yang diuji daripada aluminium asal hanya 
menghasilkan UTS 298 MPa. Jangkahayat kelesuan bagi tiga kes berbeza yang dikaji 
ini ditunjukkan oleh lengkung S-N. Kajian ini berjaya menunjukkan ketahanan 
jangkahayat kelesuan dan sifat mekanik aloi aluminium yang dikitar semula secara 
terus boleh diperbaiki 28% melalui proses rawatan haba. Suhu prapemanasan adalah 
parameter utama didapati mengawal keseluruhan sifat-sifat mekanikal tatal aluminium 
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Nowadays, an economical process has been discovered instead of conventional 
recycling, and this process involves the direct treatment of the chip of the metal. These 
has thrown open a ‘box of challenges’ for the design and materials engineer. The 
challenges of converting wastes to wealth is where innovations lie, on the one hand. 
However, the good news is that recycling, especially in the aluminium industry is a 
continuous and sustainable practice (Khamis et al., 2015; Nwachukwu et al., 2017). 
This is not because aluminium constitutes 8% of the earth crust (Nwachukwu et al., 
2017), but because it has some amazing properties of strength-to-weight ratio and most 
importantly; alloy ability. In fact, rear earth metals are now added in addition to the 
long list of composites that could be formed with aluminium and its alloys.  
 In addition to the huge energy demand in the aluminium production process, 
the quest for fuel consumption in the transportation industry, oil spills as a result of 
demand also creates environmental pollution and calls for weight reduction. Here, 
aluminium chips and direct extrusion is in the forefront in the aluminium recycling 
industry for maximum recovery and energy savings (Mahinroosta & Allahverdi, 2018;  
Msebawi et al., 2019). 
 The CO2 emissions reduction is attaining more and more importance globally 
to avoid global warming produced due to the production of green-house gases.  
Because of that, there is severe necessity to reduce energy consumption in 
transportation and each field of industrial practices, electrical and electronic, 














current industrial growth.  In manufacturing industries; the  energy consumption 
analyses have revealed that maximum amount of the energy is consummated in the 
production of material: aluminium or steel and not for additional manufacturing stages 
such as cutting or forming (Tekkaya et al., 2009).  
 Metal chip are formed through machining of ductile materials. For instance, in 
lathe machine operations, industrial production that involves turning and boring of 
metals (aluminium chips form coils and are easily collected in contract to brittle metals 
whose powder chips collection may require sophisticated technology). These wastes 
are resources that are further processed through a well-managed collection, treatment 
and cleaning processes. The size of the chips are reduced by using  metal crushers, 
dryers for removing moisture contents, impurity separators, and an integrated 
conveyor system designed to manage the chips production and operations process 
(Das, 2006).  
 The justification for drying operations is hinged on the wet nature of the chips 
as a result of cooling during machining and oil stains picked up from the tools and 
machine generally. This is to support the re-melted process for efficient and 
economical recycling process (Haraldsson & Johansson, 2018; Mahinroosta & 
Allahverdi, 2018). 
 In the field of forming and cutting technology, usually, sufficient quantity of 
energy is not consumed during manufacturing process, rather for the production of 
primary input materials. Part of that is exhausted in formation of ingots after mining. 
However; secondary material, made from melting after recycling attracts the 
remaining part of the energy. Güley et al (2011) observed that this might consume 
about 20 GJ/ton (function of scrap condition).   
 These aforementioned reasons and the need for reduction of energy 
consumption, CO2 emissions reduction and carbon footprint during manufacturing 
methods had raised bar and called for an innovative process on the recycling chain. A 
combination of optimized primary material usage and a reduction in processing steps 
is highly required.    
 Recycling of aluminium alloy scraps and chip are often done through 
conventional re-melting (Bertram et al., 2009; Capuzzi & Timelli, 2018; Yang et al., 
2005) where part of the alloy is recovered and others are lost to the production process 
in addition to the energy demand.  However, Mustapa et al., (2015) joined their 













associated with the melting recycling of the chips and scraps are linked to the 
oxidation, hence the call for  more efficient recovery method.  
 The cost related with the protection of environment is further increased the 
overall costs.  Currently, numerous advanced methods have been recommended to 
recycle aluminium chips by employing direct hot extrusion (Gronostajski et al., 
(2000); Haase & Tekkaya, (2014); Shahrom & Yusoff, (2017) for options in direct 
extrusion processes.  The chief advantage is the energy consumption where it can be 
seen that energy used for the direct recycling method is less than the required energy 
in conventional recycling method as shown in Figure 1.1.  
 
 
Figure 1.1:  Energy consumption for the direct, conventional recycling and primary 
production 
 From Figure 1.1, the primary production process is a production process that 
involves the conversion of bauxite to aluminium alloy. The conventional recycling 
process involves melting of aluminium alloy scraps to recover the aluminium while 
the direct recycling process eliminates the melting stage in the process of recovery of 
aluminium alloys. While selling the direct extrusion option, Msebawi et al., (2019) 
outlined the basic stages to include preparing of billets by cold compaction of the chips 
with various pre heating temperature and time which are then hot-extruded. Earlier, 
Tekkaya et al., (2009) reported on the potentials inherent in the adoption of hot 
extrusion of chips based on Al 6060 and the possibilities of mixing Al 6060 chips with 
SiC particles. Their report may have footings from the experience reported by 













of 80 mesh and directly converted into the final product by hot extrusion process. A 
follow up of this has been done by several authors. Notable among these efforts are 
the works of (Güley et al., 2011; Haase et al., 2012; Misiolek et al., 2012). 
 This research work planned a new technique of direct recycling of aluminium 
chips, in which scraps and chips are recycled by employing plastic deformation 
processes: hot or cold pressing followed by hot extrusion as was opined by 
(Gronostajski et al., 2000). This method has shown improved strength due to grain 
refinement and homogeneous dispersion of oxide precipitates in the metal matrix. 
 The recycling of aluminium and its alloys by direct recycling method is 
comparatively easy, requires less energy with minimal environmental effect in support 
of the eco-innovation practices (Sanni, 2018). Therefore, the purpose to reduce the 
consumption of energy in industries (industries in Iraq suffers and the rest of the world 
are in quest for less energy consumption) process (Kazem & Chaichan (2012) and the 
necessity to decrease CO2 emission in efforts to reduce global warming. Sequel to that, 
it is prime important to study the direct recycling of Aluminium chips as a secondary 
resource.  For us, this method is an innovation worthy of exploring in support of the 
efforts of the government in Green Technology research and developmental goal.   
1.2 Background of study 
The Stern patent of 1945, Stern & Gardens (1945) was an open invitation for 
researchers to further investigate the possibilities of recycling aluminium alloy scraps. 
The invention was first of its kind that showcased the treatment of aluminium wastes 
and scraps using the direct recycling method. Their discovery was followed by the 
inventions of  William and John (1957) where the potentials in treatment of aluminium 
alloy scraps using the solid sates method was further explored. These two major 
findings informed the choices demonstrated in the studies of (Shamsudin et al., 2016). 
In their review, the multiple solid-state methods of converting aluminium through 
plastic deformation (PD) and powder metallurgy (PM) supported the findings of  
(Gronostajski et al.,1997). 
 Gronostajski et al., (1997) used the design proposed by Stern to study the 
physical and mechanical properties of direct recycled aluminium, produced using 













strength of products obtained by PM technique, without melting processes into a 
finished product. The high temperature used in the study supported formation of nearly 
mushy zones which assisted the plastic flow matrix into voids and pores of the 
aluminium matrix. Further mentioned were the relatively low extrusion rate, lubricants 
and other extrusion inhibiting parameters Haase et al., (2012) stimulated the 
diffusional transportation of matter.   
 Arguably, convinced by the good surface finish, quality and density of the 
product of direct recycling of aluminium chips obtained from their previous studies, 
Gronostajski et al., (2000) innovated and proposed a novel technique of recycling 
aluminium and aluminium alloy chip. Here, further steps that were missing in the 
previous studies were incorporated. The method covered preparation of aluminium 
chips for the recyclable alloys, the cleaning of the chips from impurities, segregation 
of the chips and the combination of the chips to crushed items. This technique was 
successfully implemented in the production of composite materials and yielded 
enviable mechanical properties at room and elevated temperature.  
 Three years after the successes recorded by the Gronostajski et al., (2000)  
research team, Fogagnolo et al., (2003) considered a combination of cold and hot 
pressing methods. The experimental studies focused on recycling aluminium alloy 
chips and aluminium matrix composite chips.  The justification for the result obtained 
in their research was hinged on the refinement of microstructure and the dispersion of 
the aluminium oxide within the matrix during the extrusion process.  
 However, the pours and voids were not fully occupied by aluminium chips after 
the extrusion. The microstructure analysis revealed that these voids were crack sites 
that eventually lead to the reduction in mechanical properties of the formed composite 
in contrast to the recycled material. Moreover, the roles of voids in mechanical 
properties are detrimental and beneficial to mechanical properties. When voids are 
detrimental to mechanical properties, they block stress field of a migrating 
dislocations. The blockage of the stress field leads to reduction in mechanical 
properties.  
            Scholars have conducted spectrum of experiments on the fatigue properties of 
recycled aluminium alloy chips for over two decades. Arguably, some results full 
supported the increase in mechanical and fatigue related properties Haase et al., (2012) 
while others reported Chiba et al., (2011); Chino et al., (2006) contrary opinions. The 













the oxides and contaminants in the recycled alloy. In the same vein, while some result 
are controversial, others had presented better cases (even supporting their cases with 
innovative extrusion method) (Selmy et al., 2016). Upsurge in fatigue 
strength/lifetime, and/or ultimate tensile and yield strength were linked to the 
microstructure and surface integrity of the extruded aluminium alloy when pores 
minimal (Haase & Tekkaya, 2014). 
  Chino et al.,(2006) studied fatigue behavior of AZ31 magnesium alloy formed 
by solid-state recycling through hot extrusion route. The key findings in their study 
were that the reduction in fatigue life of the recycled alloy was linked to the crack 
formed due to oxide contamination. The pours were so significant to the extent that it 
was detrimental to the fatigue resistance of the alloy, albeit the reduction in grain size 
from 15.2 µm in the as received alloy to 13.3 µm for the recycled alloy.  
            Maoling et al., (2008) worked on effect of chip size on mechanical property 
and microstructure of AZ91D magnesium alloy prepared by solid state recycling.  The 
discovered a higher elongation to failure and an improved ultimate tensile strength. 
This improvement was attributed to the ambient oxide in the recycled specimen. 
While, excessive oxide in the recycled specimen might be detrimental to the elongation 
to failure. 
 Recently, Tekkaya et al., (2009) experimented on the AA6060 aluminium 
chips using direct hot extrusion method and different geometries. They collected 
aluminium scraps from milling machine to form chips. The results shown that using 
billets manufacturing through AA6060 chips can provide same microstructural 
mechanical and properties as by utilizing conventional cast aluminium billets. 
 In an experiment performed by Lee et al., (2010) to investigate the effect of 
UNSM (Ultrasonic Nano-Crystal Surface Modification) on fatigue strength in 
AA6061-T6 aluminium alloy, it was discovered that samples with coated surfaces had 
better surface hardness engineered by reduction in surface roughness. The study by 
Tillová et al., (2017) had suggested the need for some surface treatment to minimize 
the effect of machining on fatigue. It was the treatment done by Lee and his team that 
increased the fatigue strength with about 50%.  
 The above report experimented 7 samples with various surface modifications. 
In all, the UNSM technology delivered the optimum fatigue life in comparative with 
untreated specimens. The 40% surface hardness (surface roughness decreased              













This study argued that the cost implications of modifying the surface with this 
technology may not pay-off, except otherwise relevant, especially in recycling of 
aluminium alloys.  
          Before the Khamis et al., (2015) adoption of Response surface methodology 
(RSM) for optimization of measured parameters, most of the experiments were 
conducted through the conventional method. However, it may be challenging to 
quantitatively describe the relationship between obtained responses in the face of array 
of variables. Their interest centred on chip size, pre-compaction, and holding time. It 
was justified in this research that the Central composite design (CCD) based on face 
centred cubic design was suitable to measure desired parameter.  
 The report revealed that (of the three parameters considered) holding time, pre-
compaction, and chip size were influential, in that order on the mechanical properties 
of the recycled aluminium alloy. Inferentially, holding time affected the response the 
more as chip size affects the least. Hence they employed the hot pressing method on 
AA6061 aluminium alloy, if they had increased the holding time from 120 minutes to 
say 150 minutes better UTS could be obtained. Further mentioned was that 4 times 
pre-compaction cycle in combination with large chip size delivered the best UTS. 
Their result demonstrated that larger chip size may support higher holding temperature 
and devoid the hot pressed sample of excess pores. However, Mahdi et al., (2015) 
argued that after 20 minutes of holding time, mechanical properties may decrease due 
to cracks spurred by excessive heat.  
 From the foregoing, following the works of Chen and Thomson (2004), Haase 
et al., (2012), Rady et al., (2019a) and Toulfatzis et al., (2018) it is clearer that eight 
major parameters could influence the mechanical and fatigue properties of extruded 















Figure 1.2: Parameters influencing mechanical and fatigue properties of extruded 
products 
1.3 Problem statement 
The global and future engineering activities are focusing more on green and eco-
innovations. The transportation industry nowadays was also demanded to reduce the 
emissions drastically. The awareness among consumers on the global warming impact 
has led to more attention is given on low energy metal production.  
 Aluminium and its alloys are useful as parent/matrix in industries, but, a huge 
amount of wastes is produced as by-product through the process. The wastes are either 
in the form of chips during turning/milling or in other forms such as pins, drosses, 
runners and etc. that will end up in the recycle bin. However, these wastes can be fed 
back to smelters and recycled by melting. Nevertheless, conventional recycling of 
aluminium by remelting led to low recovery of material due to losses from oxidation, 
dross and many other associated parts. The complexity in conventional recycling 
ranges from large number of operations, high operating costs, and high energy 
consumption. 
 Environmentalists may not have issues with the reuse of recycled aluminium, 
but with the greenhouse gas emission released during the remelting, this led to a major 
worry among them. To economists, operation manager, engineer and all other 
professionals, they queried a lot on the materials lost and the use of an excessive energy 














Abdelkader, D., Mostefa, B., Abdelkrim, A., Abderrahim, T., Noureddine, B., & 
Mohamed, B. (2015). Fatigue life prediction and damage modelling of High-
density polyethylene under constant and two-block loading. Procedia 
Engineering, 101(C), 2–9. 
Abdizadeh, H., Ashuri, M., Moghadam, P. T., Nouribahadory, A., & Baharvandi, H. 
R. (2011). Improvement in physical and mechanical properties of 
aluminum/zircon composites fabricated by powder metallurgy method. Materials 
and Design, 32(8–9), 4417–4423. 
Al-Alimi, S., Lajis, M. A., & Shamsudin, S. (2017). Solid-State Recycling of Light 
Metal Reinforced Inclusions by Equal Channel Angular Pressing: A Review. 
MATEC Web of Conferences, 135. 
ASM International. (2015). Subject Guide Heat Treating. 1–7. 
ASTM B221M − 13,(2013) Standard Specification Aluminum and Aluminum-Alloy 
        Extruded Bars, Rods, Wire, Profiles, and Tubes (Metric), ASTM International. 
        West Conshohocken, PA. 
Azlan, A., Lajis, M. A., and Yusuf, N. K.(2017). On the Role of Processing Parameters 
in Producing Recycled Aluminum AA6061 Based Metal Matrix Composite 
(MMC-Al R) Prepared Using Hot Press Forging (HPF) Process. Materials, 10(9), 
1098. 
Azushima, A., Kopp, R., Korhonen, A., Yang, D. Y., Micari, F., Lahoti, G. D., 
Yanagida, A. (2008). Severe plastic deformation (SPD) processes for metals. 
CIRP Annals - Manufacturing Technology, 57(2), 716–735. 
Bahaideen, B.,. Saleem, F., M, Hussain A.,M.T, K., Mohd. RIPIN, Z., Ahmad, Z. A., 
Samad, Z., & Badarulzman, N. A. (2009). Fatigue Behaviour of Aluminum Alloy 
at Elevated Temperature. Modern Applied Science, 3(4). 
Bertram, M., Buxmann, K., & Furrer, P. (2009). Analysis of greenhouse gas emissions 













Assessment, 14(SUPPL. 1), 62–69. 
Bhardwaj, G., Singh, I. V., & Mishra, B. K. (2015). Fatigue crack growth in 
functionally graded material using homogenized XIGA. Composite Structures, 
134(September), 269–284. 
Boin, U. M. J., & Bertram, M. (2005). Melting standardized aluminum scrap: A mass 
balance model for Europe. The Journal of The Minerals, 57(8), 26–33. 
Brynjulfsen, M. (2015). Fatigue of Extruded AA6082 and AA7108 Alloys Marte 
Brynjulfsen. (June). 
Buha, J., Lumley, R. N., & Crosky, A. G. (2006). Microstructural development and 
mechanical properties of interrupted aged Al-Mg-Si-Cu alloy. Metallurgical and 
Materials Transactions A: Physical Metallurgy and Materials Science, 37(10), 
3119–3130. 
Burhan, I., & Kim, H. (2018). S-N Curve Models for Composite Materials 
Characterisation: An Evaluative Review. Journal of Composites Science, 2(3), 1-
29 
Capuzzi, S., & Timelli, G. (2018). Preparation and Melting of Scrap in Aluminum 
Recycling: A Review. Metals, 8(4), 249. 
Chaudhari, G. A., Andhale, S. R., & Patil, N. G. (2012). Experimental Evaluation of 
Effect of Die Angle on Hardness and Surface Finish of Cold Forward Extrusion 
of Aluminum. 2(7), 2–6. 
Chen, Z. P., & Thomson, P. F. (2004). A study of post-form static and fatigue 
properties of superplastic 7475-SPF and 5083-SPF aluminium alloys. Journal of 
Materials Processing Technology, 148(2), 204–219. 
Chiba, R., Nakamura, T., & Kuroda, M. (2011). Solid-state recycling of aluminium 
alloy swarf through cold profile extrusion and cold rolling. Journal of Materials 
Processing Technology, 211(11), 1878–1887. 
Chiba, R., & Yoshimura, M. (2015). Solid-state recycling of aluminium alloy swarf 
into c-channel by hot extrusion. Journal of Manufacturing Processes, 17, 1–8. 
Chino, Y., Furuta, T., Hakamada, M., & Mabuchi, M. (2006). Fatigue behavior of 
AZ31 magnesium alloy produced by solid-state recycling. Journal of Materials 
Science, 41(11), 3229–3232. 
Chmura, W., & Gronostajski, J. (2000). Mechanical and tribological properties of 
aluminium-base composites produced by the recycling of chips. Journal of 













Chmura, W., & Gronostajski, Z. (2007). Bearing materials obtained by diffusion 
bonding of aluminium and aluminium bronze chips. Archives of Civil and 
Mechanical Engineering, 7(2), 53–66. 
Cuesta, I. I., Almaguer-Zaldivar, P. M., & Alegre, J. M. (2019). Mechanical behaviour 
of stamped aluminium alloy components by means of response surfaces. 
Materials, 12(11), 1–11. 
Cui, J., & Roven, H. J. (2010). Recycling of automotive aluminum. Transactions of 
Nonferrous Metals Society of China (English Edition), 20(11), 2057–2063. 
Das, S. K. (2006). Reduction of Oxidative Melt Loss Of Aluminum and Its Alloys. 
(February), 1–50. 
Desmukh, M. N., Pandey, R. K., & Mukhopadhyay, A. K. (2006). Effect of aging 
treatments on the kinetics of fatigue crack growth in 7010 aluminum alloy. 
Materials Science and Engineering A, 435–436(November), 318–326. 
Elhadari, H. A., Patel, H. A., Chen, D. L., & Kasprzak, W. (2011). Tensile and fatigue 
properties of a cast aluminum alloy with Ti, Zr and V additions. Materials Science 
and Engineering A, 528(28), 8128–8138. 
Ferri, N. S. (2013). High Cycle Fatigue Behaviour of Extruded Magnesium Alloys 
Containing Neodymium. University of Berlin, Berlin. PhD thesis. 
Fogagnolo, J. B., Ruiz-Navas, E. M., Simón, M. A., & Martinez, M. A. (2003). 
Recycling of aluminium alloy and aluminium matrix composite chips by pressing 
and hot extrusion. Journal of Materials Processing Technology, 143–144(1), 
792–795. 
Garrett, R. P., Lin, J., & Dean, T. A. (2005). An investigation of the effects of solution 
heat treatment on mechanical properties for AA 6xxx alloys: experimentation and 
modelling. International Journal of Plasticity, 21(8), 1640-1657. 
Gasem, Z. M. (2012). Fatigue crack growth behavior in powder-metallurgy 6061 
aluminum alloy reinforced with submicron Al 2O 3 particulates. Composites Part 
B: Engineering, 43(8), 3020–3025. 
Geetha, B., & Ganesan, K. (2015). The Effects of Ageing Temperature and Time on 
Mechanical Properties of A356 Aluminium cast Alloy with Red Mud Addition 
and Treated By T6 Heat Treatment. Materials Today: Proceedings, 2(4–5), 
1200–1209. 
Gilbert, J., Kaufman Elwin L., Rooy. (2018). Aluminum Alloy Castings: Properties, 













Gronostajski, J., Marciniak, H., & Matuszak, A. (2000). New methods of aluminium 
and aluminium-alloy chips recycling. Journal of Materials Processing 
Technology, 106(1–3), 34–39. 
Gronostajski, J., & Matuszak, A. (1999). Recycling of metals by plastic deformation: 
an example of recycling of aluminium and its alloys chips. Journal of Materials 
Processing Technology, 92–93, 35–41. 
Gronostajski, J. Z., Kaczmar, J. W., Marciniak, H., & Matuszak, A. (1997). Direct 
recycling of aluminium chips into extruded products. Journal of Materials 
Processing Technology, 64(1–3), 149–156. 
Gronostajski, J. Z., Kaczmar, J. W., Marciniak, H., & Matuszak, A. (1998). Production 
of composites from Al and AlMg2 alloy chips. Journal of Materials Processing 
Technology, 77(1-3), 37-41. 
Groover, M. P. (2002). Solutions manual: fundamentals of modern manufacturing. 
Second Edition. John Wiley & Sons, Inc., New York. 
Güley, V., Ben Khalifa, N., & Tekkaya, A. E. (2011). The effect of extrusion ratio and 
material flow on the mechanical properties of aluminum profiles solid state 
recycled from 6060 aluminum alloy chips. AIP Conference Proceedings, 
1353(May 2013), 1609–1614. 
Güley, V., Güzel, A., Jäger, A., Ben Khalifa, N., Tekkaya, A. E., & Misiolek, W. Z. 
(2013). Effect of die design on the welding quality during solid state recycling of 
AA6060 chips by hot extrusion. Materials Science and Engineering A, 574, 163–
175. 
Güley, V., Khalifa, N. Ben, & Tekkaya, A. E. (2010). Direct recycling of 1050 
aluminum alloy scrap material mixed with 6060 aluminum alloy chips by hot 
extrusion. 3, 853–856. 
Gunst, R. F., Myers, R. H., & Montgomery, D. C. (1996). Response Surface 
Methodology: Process and Product Optimization Using Designed Experiments. 
Technometrics, 38(3), 285. 
Haase, M., Ben Khalifa, N., Tekkaya, A. E., & Misiolek, W. Z. (2012). Improving 
mechanical properties of chip-based aluminum extrudates by integrated extrusion 
and equal channel angular pressing (iECAP). Materials Science and Engineering 
A, 539, 194–204. 
Haase, Matthias, & Tekkaya, A. E. (2014). Recycling of aluminum chips by hot 














Haraldsson, J., & Johansson, M. T. (2018). Review of measures for improved energy 
efficiency in production-related processes in the aluminium industry – From 
electrolysis to recycling. Renewable and Sustainable Energy Reviews, 93(April 
2017), 525–548. 
Hollingsworth, E. H., Hunsicker, H. Y., & Schweitzer, P. A. (2017). Aluminum alloys. 
In Corrosion and Corrosion Protection Handbook, Second Edition. 
Huo, W. T., Shi, J. T., Hou, L. G., & Zhang, J. S. (2017). An improved thermo-
mechanical treatment of high-strength Al–Zn–Mg–Cu alloy for effective grain 
refinement and ductility modification. Journal of Materials Processing 
Technology, 239, 303–314. 
Ibrahim, M., Taha, M. A., Selmy, A. I., El-Gohry, A. M. and Kim, H. S. (2018). Solid 
state recycling of aluminium AA6061 alloy chips by hot extrusion. Materia 
research express. Vol.6, No. 3. 
Jafari, S., A. Beitollahi, B. Eftekhari Yekta, T. Ohkubo, Viktoria Budinsky, Mie 
Marsilius, Giselher Herzer, and K. Hono. (2016). "Atom probe analysis and 
magnetic properties of nanocrystalline Fe84. 3Si4B8P3Cu0. 7." Journal of Alloys 
and Compounds 674, 136-144. 
Kadir, M. I. A., Mustapa, M. S., Latif, N. A., & Mahdi, A. S. (2017). Microstructural 
Analysis and Mechanical Properties of Direct Recycling Aluminium Chips 
AA6061/Al Powder Fabricated by Uniaxial Cold Compaction Technique. 
Procedia Engineering, 184, 687–694. 
Kadir, M. I. A., Mustapa, M. S., Rosli, N. L., Yahya, M. S., Mohamad, M. A. H., & 
Rahim, A. K. A. (2018). The effect of microstructures and hardness 
characteristics of recycling aluminium chip AA6061/Al powder on various 
sintering temperatures. International Journal of Integrated Engineering, 10(3), 
53–56. 
Kazeem, A., Badarulzaman, N. A., Fahmin, W., Bin, F., & Ali, W. (2019). Effect of 
Isothermal Heat Treatment on Hardness of X7475 Aluminium Alloys. 2(2), 233–
239. 
Kazem, H. A., & Chaichan, M. T. (2012). Status and future prospects of renewable 
energy in Iraq. Renewable and Sustainable Energy Reviews, 16(8), 6007–6012. 
Khalid, S. N. (2013). Mechanical Strength of As-compacted Aluminium Alloy Waste 













Khamis, S. S., Lajis, M. A., & Albert, R. A. O. (2015). A sustainable direct recycling 
of aluminum chip (AA6061) in hot press forging employing Response surface 
methodology. Procedia CIRP, 26, 477–481. 
Kondoh, K., Luangvaranunt, T., & Aizawa, T. (2002). Solid-state recycle processing 
for magnesium alloy waste via direct hot forging. Materials Transactions, 43(3), 
322–325. 
Kopač, J. (2007). High precision machining on high speed machines. Manufacturing 
and processing. 24(1), 405–412. 
Kostolný, I., & Koleňák, R. (2015). Research of interactions between Al substrate and 
Zn-Al solders. Procedia Engineering, 100(January), 1319–1323. 
Kuddus, S., Mustapa, M. S., Ibrahim, M. R., Shamsudin, S., Lajis, M. A., & Wagiman, 
A. (2019). Physical Characteristics of Solid State Recycled Aluminum Chip 
AA6061 Reinforced with Silicon Carbide (SiC) by using Hot Extrusion 
Technique. Journal of Physics: Conference Series, 1150(1). 
Lajis, M. A., Khamis, S. S., & Yusuf, N. K. (2014). Optimization of hot press forging 
parameters in direct recycling of aluminium chip (AA 6061). Key Engineering 
Materials, 622–623, 223–230. 
Lee, C. J., Murakami, R.I., & Suh, C. M. (2010). Fatigue Properties of Aluminum 
Alloy (a6061-T6) With Ultrasonic Nano-Crystal Surface Modification. 
International Journal of Modern Physics B, 24(15), 2512–2517. 
Lela, B., Krolo, J., & Jozić, S. (2016). Mathematical modeling of solid-state recycling 
of aluminum chips. International Journal of Advanced Manufacturing 
Technology, 87(1–4), 1125–1133. 
Li, B., Wang, X., Chen, H., Hu, J., Huang, C., & Gou, G. (2016). Influence of heat 
treatment on the strength and fracture toughness of 7N01 aluminum alloy. 
Journal of Alloys and Compounds, 678, 160–166. 
Lim, P. (2001). Fatigue Behaviour of 6061 Aluminium Alloy and Its Composite, 
Master"s Thesis. (September), p139. 
Liu, K., Mirza, F., & Chen, X. (2018). Effect of Overaging on the Cyclic Deformation 
Behavior of an AA6061 Aluminum Alloy. Metals, 8(7), 528. 
Loganathan, D., Gnanavelbabu, A., Rajkumar, K., & Ramadoss, R. (2014). Effect of 
microwave heat treatment on mechanical properties of AA6061 sheet metal. 
Procedia Engineering, 97, 1692–1697. 













(2012). Analysis of microstructure and strengthening in pure titanium recycled 
from machining chips by equal channel angular pressing using electron 
backscatter diffraction. Materials Science and Engineering A, 538, 252–258. 
Mahdi, A. S., Mustapa, M. S., Lajis, M. A., & Abd Rashid, M. W. (2015a). Effect of 
Holding Time on Mechanical Properties of Recycling Aluminium Alloy AA6061 
Through Ball Mill Process. International Journal of Mechanical Engineering & 
Technology (IJMET), 6(9), 133–142. 
Mahdi, A. S., Mustapa, M. S., Latif, N. A., Ab Kadir, M. I., & Samsi, M. A. (2016) 
heat treatment for an recycling aluminum aa6061 using milling process at various 
holding aging time. International Journal of Engineering and Technology. Vol 8 
No 6, 2582-2587 
Mahinroosta, M., & Allahverdi, A. (2018). Hazardous aluminum dross 
characterization and recycling strategies: A critical review. Journal of 
Environmental Management, 223(February), 452–468. 
Mansourinejad, M., & Mirzakhani, B. (2012). Influence of sequence of cold working 
and aging treatment on mechanical behaviour of 6061 aluminum alloy. 
Transactions of Nonferrous Metals Society of China (English Edition), 22(9), 
2072–2079. 
Maoliang H, Zesheng Ji, Xiaoyu C., Zhenkao Z. Effect of chip size on mechanical 
property and microstructure of Z91D magnesium alloy prepared by solid state 
recycling. Materials Characterization 59 (2008) 385-389 
Mashhadi, H., Moloodi, A., Golestanipour, M., & Karimi, E. Z. V. (2009). Recycling 
of aluminium alloy turning scrap via cold pressing and melting with salt flux. 
Journal of Materials Processing Technology, 209(7), 3138–3142. 
Misiolek, W. Z., Haase, M., Ben Khalifa, N., Tekkaya, A. E., & Kleiner, M. (2012). 
High quality extrudates from aluminum chips by new billet compaction and 
deformation routes. CIRP Annals - Manufacturing Technology, 61(1), 239–242. 
Montgomery, D. C. (2013). Design and Analysis of Experiments, Eighth Edition. 
Msebawi, M. S., Jayaprakash M., Shamsudin S., Rady, M. H, Huda M. S., Mustapa 
M. S., Lajis M. A., Abbas M. A., "Strength Performance of Micro Alumina 
Reinforced Direct Recycled AA6061 Chips Based Matrix Composite", Materials 
Science Forum, Vol. 961, pp. 73-79, 2019. 
Musfirah, A., Jaharah, A. . (2012). Magnesium and Aluminum Alloys in Automotive 













Mustapa, M. S., & Mutoh, Y. (2010). Effects of size and spacing of uniformly 
distributed pearlite particles on fatigue crack growth behavior of ferrite-pearlite 
steels. Materials Science and Engineering A, 527(10–11), 2592–2597. 
Mustapa, M. S., Mahdi, A. S., & Amri, M. (2015). Study Of Physical Properties Of 
Recycling Aluminium Chip ( AA6061 ) On Holding Time Through Milling 
Process. International Journal Of Modern Engineering Research, 5(11), 47–53. 
Nie, Z. R., J. B. Fu, J. X. Zou, T. N. Jin, J. J. Yang, G. F. Xu, H. Q. Ruan, and T. Y. 
Zuo. (2004) "Advanced aluminum alloys containing rare-earth erbium."Materials 
Forum, vol. 28, pp. 197-201. 
Nwachukwu, O.P., Gridasov, A. V., Talskikh, K. Y., Grishin, A. V., Nikiforov, P. A., 
& Sukhorada, A. E. (2017). Aluminum and its alloys in the very high cycle fatigue 
regime. World Scientific News, 81(2), 121-131. 
Nwachukwu, O. P., Gridasov, A. V, & Talskikh, K. Y. (2017). Aluminum and its alloys 
in the very high cycle fatigue regime. 81(2), 121–131. 
Palmerin, J. M., Rosales, J. D., Lopez Hirata, V. M., Ramirez, A. D. J. M., Castro, C., 
& Gonza, J. L. (2009). Hardening Behavior in Aged Al-4% Cu-0.3% Mg Alloys 
with 0.5 and 2% Ag Additions. Materials Transactions, 50(12), 2785–2789. 
Park, J.-H., & Song, J.-H. (2003). New Estimation Method of Fatigue Properties of 
Aluminum Alloys. Journal of Engineering Materials and Technology, 125(2), 
208. 
Pepelnjak, T., & Kuzman, K. (2012). Recycling of AlMgSi1. Metalurgija, 51(4), 509–
512. 
Rady, M. H., Mustapa, M. S., Harimon, M. A., Ibrahim, M. R., Shamsudin, S., Lajis, 
M. A., Yusof, F. (2019a). Effect of hot extrusion parameters on microhardness 
and microstructure in direct recycling of aluminium chips. Materialwissenschaft 
Und Werkstofftechnik, 50(6), 718–723. 
Rady, M. H., Mahdi, A. S., Mustapa, M. S., Shamsudin, S., Lajis, M. A., Msebawi, M. 
S., Al Alimi, S. (2019b). Effect of Heat Treatment on Tensile Strength of Direct 
Recycled Aluminium Alloy (AA6061). Materials Science Forum, 961(June), 80–
87. 
Radziuk, D., & Möhwald, H. (2016). Ultrasonically treated liquid interfaces for 
progress in cleaning and separation processes. Physical Chemistry Chemical 
Physics, 18(1), 21–46. 













Chips by Hot Extrusion Process. Procedia CIRP 26, 761-766 
Rahim, S. N., Lajis, M. A. & Ariffin, S. (2016) Effect of extrusion speed and 
temperature on hot extrusion process of 6061 aluminum alloy chip. ARBN journal 
of engineering and applied sciences, vol.11, no. 4. 
Rahim, S., & Lajis, M. A. (2017). Mechanical properties and surface integrity of 
recycling aluminum 6061 by hot extrusion process. Materials Science Forum, 
894 MSF, 21–24. 
Rana, R. S., Purohit, R., Mishra, P. M., Sahu, P., & Dwivedi, S. (2017). Optimization 
of Mechanical Properties of AA 5083 Nano SiC Composites using Design of 
Experiment Technique. Materials Today: Proceedings, 4(2), 3882–3890. 
Rawal, A., Kumar, R., & Saraswat, H. (2012). Tensile mechanics of braided sutures. 
Textile Research Journal, 82(16), 1703–1710. 
Risanti, D. D., Yin, M., del Castillo, P. E. J. R. D., & van der Zwaag, S. (2009). A 
systematic study of the effect of interrupted ageing conditions on the strength and 
toughness development of AA6061. Materials Science and Engineering A, 
523(1–2), 99–111. 
Ritchie, R. O. (1999). Mechanisms of fatigue-crack propagation in ductile and brittle 
solids. International journal of Fracture, 100(1), 55-83. 
Saha, P. K. (2000). Aluminium Exrusion Technology. ASM International Materials 
Park, Ohio 44073-0002. 
Samsi, M. A., Mustapa, M. S., Badarulzaman, N. A., Mahdi, A. S., & Ab Kadir, M. I. 
(2016). The Effect of Aging on Physical Characteristics of Recycled AA6061 
Aluminium Chips. International Journal of Engineering and Technology, 8(6), 
2664–2671. 
Samuel, M. (2003). A new technique for recycling aluminium scrap. Journal of 
Materials Processing Technology, 135(1), 117–124. 
Sanni, M. (2018). Drivers of eco-innovation in the manufacturing sector of Nigeria. 
Technological Forecasting and Social Change, 131(October 2017), 303–314. 
Santecchia, E., Hamouda, A. M. S., Musharavati, F., Zalnezhad, E., Cabibbo, M., El 
Mehtedi, M., & Spigarelli, S. (2016). A Review on Fatigue Life Prediction 
Methods for Metals. Advances in Materials Science and Engineering, 1(1), 1-29. 
Schikorra, M., Donati, L., Tomesani, L., & Tekkaya, A. E. (2008). Microstructure 
analysis of aluminum extrusion: Prediction of microstructure on AA6060 alloy. 













Selmy, A. I., Aal, M. I. A. El, El-Gohr, A. M., & A.Taha, M. (2016). Solid-State 
Recycling of Aluminum Alloy ( AA- 6061 ) Chips via Hot Extrusion Followed 
by Equal Channel Angular Pressing ( ECAP ) Author ’ s personal copy. The 
Egyptian International Journal of Engineering Sciences and Technology, 
21(October), 33–42. 
Shaeri, M. H., Shaeri, M., Ebrahimi, M., Salehi, M. T., & Seyyedein, S. H. (2016). 
Effect of ECAP temperature on microstructure and mechanical properties of Al-
Zn-Mg-Cu alloy. Progress in Natural Science: Materials International, 26(2), 
182–191. 
Shahrom, M. S., & Yusoff, A. R. (2017). Cyclic extrusion compression back pressure 
technique for hot forging process in direct recycling of aluminium 6061 
machining chip. Journal of Manufacturing Processes, 29, 1–9. 
Shamsudin, S., Zhong, Z. W., Rahim, S. N. & Lajis, M. A.( 2016).The influence of 
temperature and preheating time in extrudate quality of solid-state recycled 
aluminum. Int J Adv Manuf Technol, London. Vol. 90(9–12), pp 2631–2643 
Shamsudin, S., Lajis, M. A., Zhong, Z. W., Ahmad, A., & Wagiman, A. (2017). Weld 
strength in solid–state recycling of aluminum chips: Schweißnahtfestigkeit im 
Festkörper‐Recycling von Aluminium‐Spänen. Materialwissenschaft und 
Werkstofftechnik, 48(3-4), 290-298 
Shamsudin, S. (2018). An analysis of solid-state recycling of aluminum alloy aa6061 
from controllable hot extrusion processes. Nanyang Technological University, 
Singapore: PhD thesis 
Sherafat, Z., Paydar, M. H., Ebrahimi, R., & Sohrabi, S. (2010). Mechanical properties 
and deformation behavior of Al/Al7075, two-phase material. Journal of Alloys 
and Compounds, 502(1), 123–126. 
Song, J. Y., Park, J. C., Jeong, B. H., & Ahn, Y. S. (2012). Fatigue behaviour of A356 
aluminium alloy for automotive wheels. International Journal of Cast Metals 
Research, 25(1), 26-30. 
Stern, M., & Gardens, K. (1945). Method for treating aluminum or aluminum alloy.  
         Google Patents.  
Su, C., Zhou, J., Meng, X., & Huang, S. (2016). Improvement in fatigue performance 
of aluminium alloywelded joints by laser shock peening in a dynamic strain aging 
temperature regime. Materials, 9(10), 1-12 













of 6061 aluminum alloy cutting chips using hot extrusion and hot rolling. 
Materials Science Forum, 544–545, 443–446. 
Tao, J. (2016). Surface composition and corrosion behavior of an Al-Cu 
alloy, Université Pierre et Marie Curie - Paris (Doctoral Thesis). 
Tekkaya, A. E., Schikorra, M., Becker, D., Biermann, D., Hammer, N., & Pantke, K. 
(2009). Hot profile extrusion of AA-6060 aluminum chips. Journal of Materials 
Processing Technology, 209(7), 3343–3350. 
Tillová, E., Závodská, D., Kuchariková, L., Chalupová, M., & Belan, J. (2017). Study 
of bending fatigue properties of Al-Si cast alloy. Archives of Metallurgy and 
Materials, 62(3), 1591–1596. 
Toulfatzis, A., Pantazopoulos, G., David, C., Sagris, D., & Paipetis, A. (2018). Final 
Heat Treatment as a Possible Solution for the Improvement of Machinability of 
Pb-Free Brass Alloys. Metals, 8(8), 1-14. 
Verma, B. B., Atkinson, J. D., & Kumar, M. (2001). Study of fatigue behaviour of 
7475 aluminium alloy. Bulletin of Materials Science, 24(2), 231–236. 
William, T. & John, P. (1957). Method of making articles from aluminous metal 
powder. U.S. Patent No. 2,809,891. Washington, DC: U.S. Patent and Trademark 
Office. 
Wu, H. Y., Hsu, C. C., Won, J. Bin, Sun, P. H., Wang, J. Y., Lee, S., Torng, S. (2009). 
Effect of heat treatment on the microstructure and mechanical properties of the 
consolidated Mg alloy AZ91D machined chips. Journal of Materials Processing 
Technology, 209(8), 4194–4200. 
Yang, Y., Yanping Xiao, Bo Zhou, & Markus A. Reuter. (2005). Aluminium 
Recycling : Scrap Melting and Process Simulation. Sustainable Developments in 
Metal Processing, (July), 251–264. 
Zakaria, K. A., Abdullah, S., & Ghazali, M. J. (2013). Elevated temperature fatigue 
life investigation of aluminium alloy based on the predicted S-N curve. Jurnal 
Teknologi (Sciences and Engineering), 63(1), 75–79. 
 
 
